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tions, and a species' resilience to harvesting. Building on new life history information for the straw-coloured
fruit bat (Eidolon helvum) frommultiple localities across Africa,we used survival analyses based on tooth-cemen-
tum annuli data to test alternative hypotheses relating to hunting pressure, demography and population connec-
tivity. The estimated annual survival probability across Africa was high (≥0.64), but was greatest in colonies with
the highest proportion ofmales. This difference in sex survival, alongwith age and sex capture biases and out-of-
phase breeding across the species' distribution, leads us to hypothesize that E. helvum has a complex social struc-
ture.We found no evidence for additivemortality in heavily hunted populations, withmost colonies having high
survival with constant risk of mortality despite different hunting pressure. Given E. helvum's slow life history
strategy, similar survival patterns and rate among colonies suggest that local movement and regional migration
may compensate for local excess hunting, but these were also not clearly detected. Our study suggests that
spatio-temporal data are necessary to appropriately assess the population dynamics and conservation status of
this and other species with similar traits.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
Eidolon helvum
Demography
Hunting
Survival analyses
Bayesian population analyses1. Introduction
“At Avakubi [Democratic Republic of the Congo], November 19,
1909, a ﬂock of perhaps 100 had taken shelter for the day beneath the
limb of a large tree, some 60 feet above the ground, where they were
shaded by a mass of epiphytic ferns and orchids, and formed one great
squirming mass. … After watching their amusing struggles for a while,
we ﬁred both barrels of a gun into theirmidst.Wewere standing almost
directly beneath and for a few seconds it simply rained bats, dead or
wounded. … Hundreds of them are then slain by the natives, who are
fond of eating these bats”.
Allen J A, Lang H, Chapin J (1917) The American Museum Congo ex-
pedition collection of bats (referring to Eidolon helvum, the straw-
coloured fruit bat).
Demographic processes shape population dynamics and therefore
have broad implications, for example on infection dynamics and sus-
tainable harvesting capacity (Keeling and Rohani, 2008; Sandercock eth Institute, Grifﬁth University,
ayman), alisonpeel@gmail.com
. This is an open access article underal., 2011). Harvesting itself is hypothesized to shape demographic pro-
cesses through various mechanisms (Sandercock et al., 2011). Under
additive mortality, harvesting mortality has no effect on natural birth
or death rates, and is additive to natural mortality in a linear fashion.
Under compensatory mortality, density-dependent compensatory
mechanisms (such as increased birth rates, decreased naturalmortality,
or increased movement) are evoked, meaning that harvesting adds no
additional mortality to natural mortality rate. It is hypothesized that
there should come a threshold at which these compensatory processes
can no longer compensate and harvesting losses become additive
(Sandercock et al., 2011). Understanding the contribution of compensa-
tory or additive mortality processes is crucial for wildlife management
and conservation so that offtake limits can be set to ensure harvesting
does not deplete a population. Recent research has shown that fruit
bats are a group ofmammals that are hunted for food, sport ormedicine
in greater numbers than previously thought (Epstein et al., 2009;
Harrison et al., 2011; Kamins et al., 2011;Mickleburgh et al., 2009). Cor-
respondingly, studies on the sustainability of fruit bat bushmeat hunting
are in their infancy compared with other terrestrial species.
Underlying demographic processes are often poorly elucidated in
bats, even in common species. The straw-coloured fruit bat, Eidolon
helvum, is one of the most common and widely distributed African
bats, but is also widely hunted in parts of Africa (Anti et al., 2015;the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Niamien et al., 2015). Demographic processes that affect whether hunt-
ingmortalitymay be additive or compensatory and their relevance for E.
helvum fruit bats are considered under ﬁve different, but non-mutually
exclusive, circumstances.
First, those species with slow life histories (long-lived with low fe-
cundity, or so called ‘K-selected’ species), such as bats, primates, larger
ungulates, and long-lived birds, are expected to suffer from additive
mortality because they do not have the capacity to compensate for the
additional mortality through reproductive surplus (Hamel et al., 2006,
Sedinger et al., 2007, 2010). Hayman et al. (2012) estimatedhigh annual
adult survival rates and low fecundity for E. helvum, supporting expecta-
tions for a slow-life-history species.
Second, small or declining populations have limited compensatory
capacity and are predicted to suffer from additive mortality
(Bartmann et al., 1992). Signiﬁcant E. helvum population declines have
occurred in some areas of its sub-Saharan range, possibly because of
habitat loss and over-harvesting for food and medicine (Mickleburgh
et al., 2010, 2009; Perpetra and Kityo, 2009; Sodeinde and Soewu,
1999). Smaller, fragmented E. helvum populations also exist on a small
number of offshore islands, including Pemba, off the Tanzanian coast
(Hayman and Hill, 1971) and Príncipe, São Tomé and Annobón in the
Gulf of Guinea (Juste and Ibanez, 1994). While Bioko Island in the Gulf
of Guinea is close enough for bats to mix freely with the continental
population, bats on Príncipe, São Tomé andAnnobón islands are isolated
and genetically distinct from one another (Peel et al., 2013). These
smaller island populationsmay bemore likely to suffer additivemortal-
ity in response to harvesting.
Third, migration andmixing among spatially structured populations
can be a compensatory mechanism through demographic rescue
(Cooley et al., 2009; Kvasnes et al., 2010). Continental E. helvum bats
are seasonally migratory (Fahr et al., 2015; Funmilayo, 1979; Hayman
et al., 2012; Mutere et al., 1980; Richter and Cumming, 2006; Thomas,
1983), and are capable of travelling N2500 km across international bor-
ders and up to 370 km in a single night (Richter and Cumming, 2008). In
contrast, the isolated nature of the island populations (or other
fragmented populations) might also make them prone to additive
effects.
Fourth, harvesting during or immediately after periods of natural
mortality is more likely to be additive than if conducted before such pe-
riods (Boyce et al., 1999; Kokko, 2001; Ratikainen et al., 2008). Hunting
pressure is spatially heterogeneous across E. helvum's range (Kamins et
al., 2011; Mickleburgh et al., 2009; Peel et al., in press). E. helvum's mi-
gratory behaviour includes a tendency to vacate and arrive in roosts
en masse (Fahr et al., 2015; Hayman et al., 2012; Peel et al., in press;
Richter and Cumming, 2006; Thomas, 1983), resulting in the shifting
seasonal presence of an apparently abundant resource for hunters
along these migration routes.
Last, individual susceptibility to harvesting may vary with the type
and timing of harvesting; for example, speciﬁc hunting methods inten-
tionally or unintentionally target speciﬁc age or sex groups (Boyce et al.,
1999). A variety of hunting methods have been documented for E.
helvum, including shooting, slingshotting, capture in nets and hitting in-
dividuals that have fallen to the ground (Kamins et al., 2011;
Mickleburgh et al., 2009; Peel et al., in press), however, few comprehen-
sive data exist onhow roost structure varieswith age and sex, and in dif-
ferent locations or different seasons.
Empirical investigations to directly estimate the effect of harvesting
within a target species or population are complicated by thesemultifac-
torial responses. For example, comparison of population counts among
populationswith differing harvest rates has been used to detect wheth-
er harvesting is likely to be additive or compensatory (Bodmer et al.,
1997). However, in the case of compensatory mortality, population
counts alone cannot separate the contributions of potentially contribut-
ing density-dependent processes (e.g. altered birth rates, survival and
movement). The necessity to disentangle the various processes thatcontribute to population size when examining the effects of harvest
on survival can be avoided by using mark-recapture techniques and
harvest experiments (Bartmann et al., 1992; Cooley et al., 2009;
Duriez et al., 2005; Obbard and Howe, 2008; Sandercock et al., 2011;
Schaub and Lebreton, 2004; Servanty et al., 2010). These methods
allow the effect of hunting to be anticipated by estimated harvesting
rates and comparing those to survival rates under different harvesting
pressures.
Logistical problems can preclude the possibility of using capture-re-
capture studies in some species, including bats. Instead, life table analy-
ses enable population age structure, growth rate and survivorship
patterns to be estimated and can allow for maturation of young and se-
nescent mortality (Fieberg and DelGiudice, 2011; Kraus et al., 2013;
Siler, 1979; Stolen and Barlow, 2003), thereby providing insight into
the demographic processes of species for which cohort studies are not
feasible. The ﬂexible “Siler” model allows us to ﬁt a function that in-
cludesmaturation and senescencewith a constant hazard (exponential)
survival pattern as a base. The demographic processes relating to mor-
tality for long-lived species, in which we might expect such maturation
and senescence processes, can therefore be inferred in the absence of
capture-recapture data.
Our expectations for long-lived species such as bats is that harvest-
ing mortality will be additive. However, the highly connected colonies
of E. helvum, determined through telemetry (Hayman et al., 2012) and
inferred through population genetics (Peel et al., 2013), suggest thatmi-
gration could be a compensatory mechanism that will overwhelm the
local hunting pressure. In a companion paper, we provide new informa-
tion on E. helvum colony sizes, hunting pressure, and age and sex struc-
ture for multiple colonies across tropical Africa (Peel et al., in Press).
Here, we test hypotheses relating to hunting pressure and demography
in this long-lived, yet highly mobile, species. First, we hypothesize that
different host demographic structures and survival rates exist among
regions and test whether this can be associated with different levels of
local hunting pressure, or is likely related to other seasonal demograph-
ic andmigratory processes. Second, we determine if mortality rates dif-
fer at different population sizes to make inferences regarding whether
mortality through hunting is additive to natural mortality, or alterna-
tively, that localmovement and regionalmigration act as a compensato-
ry mechanism. To test these hypotheses, we estimate harvest pressure
and mortality risk across age classes from ﬁve different colonies across
Africa and its outlying islands.
2. Methods
We used the background life history and hunting information for a
subset of colonies of E. helvum across tropical Africa (Peel et al., 2016,
and deposited in the online data repository, Dryad: doi:10.5061/
dryad.2fp34). In particular, we present data from Accra (Ghana), Dar
es Salaam (Tanzania), Morogoro (Tanzania), São Tomé (São Tomé and
Príncipe), Príncipe (São Tomé and Príncipe), and Bioko (Equatorial
Guinea) (Fig. 1). All ﬁeldwork was undertaken under permits granted
by national and local authorities (listed in the Acknowledgements sec-
tion) and under ethics approval from the Zoological Society of London
Ethics Committee (WLE/0489 and WLE/0467), using ﬁeld protocols
which followed ASM guidelines (Sikes et al., 2011).
Bats were either captured at the roost with mist nets as they depart-
ed the roost site at dusk (Ghana, Tanzania, Equatorial Guinea) or
returned at dawn (Príncipe), or were shot by local hunters from roost
or feeding sites (São Tomé). Morphometric (forearm length and
weight) and demographic (age class, sex and reproductive status)
data were recorded at the time of capture, and teeth were collected to
determine age in years from tooth cementum annuli. Counting the ce-
mentum and dentine annuli was done by microscopy following histo-
logical preparation of tooth roots by Matson's laboratory, Milltown,
Montana (Matson, 1993). Annuli were assumed to be deposited annual-
ly, based on other studies and the species strong seasonal migratory
Fig. 1. The distribution of the straw-coloured fruit bat, Eidolon helvum, red shading, with the continental sampling locations shown (red, left map). The Gulf of Guinea island sampling
locations with the distances to the mainland (right map).
Distribution data were from the IUCN Red List (http://www.iucnredlist.org/) and maps from rworldmap (South, 2011).
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removed from dead bats killed for other purposes, including by hunters
for meat, and processed as described elsewhere (Bodkin et al., 1997;
Hayman et al., 2012; Matson, 1993; Peel et al., in press). Each age esti-
mation (n=233 bats)was scoredwith a certainty code: A: highest cer-
tainty of reported age (51% of samples), B: histological evidence
supported a given age result ±0.5–1.5 years (46% of samples), or C:
tooth or section quality was too compromised to accurately age (3% of
samples). The latter were not used in this study. The speciﬁc age struc-
ture of each roost was standardized according to the proportion of indi-
viduals caught within each age class. For example, in Bioko 84/105
(80%) of bats caught were less than 2 months old, but these were not
aged through tooth cementum analyses. The proportion of 0-year-old
bats was then corrected for in the tooth cementum data accounting
for this capture bias.
In each location, roost or emergence counts were conducted follow-
ing established techniques to estimate population sizes. Several
methodswere used, according towhatwasmost appropriate in each lo-
cation. The methods were daytime roost counts in Tanzania, Bioko,
Ghana (Baranga and Kiregyera, 1982; Fahr et al., 2015; Hayman et al.,
2012; Perpetra and Kityo, 2009) and emergence counts in Príncipe
and São Tomé (Dallimer et al., 2006). Thesemethods and results are de-
scribed in detail elsewhere (Peel et al., in press).
Data on bat-human interactions were gathered via informal conver-
sations and via questionnaire-based surveys (Table 1 and Appendix)
(Peel et al., in press). Hunting pressure was then qualitatively
categorised for each colony. Huntingwasdeemed ‘low’ inDar es Salaam,
Morogoro and Príncipe. Accra was estimated as ‘medium’ based on lim-
ited hunting in the immediate area, but high levels of hunting in nearby
connected colonies (Kamins et al., 2011). São Tomé was subjectively
deemed ‘high’ based on questionnaire responses, anecdotal reportsTable 1
Hunting and population size details for colonies used in survival analyses, sorted by hunting p
Location Estimated hunting pressure Num
São Tomé, São Tomé and Príncipe High 102
Accra, Ghana Medium 1518
Dar es Salaam, Tanzania Low 130
Príncipe, São Tomé and Príncipe Low 61
Morogoro, Tanzania Low 101
a Likely substantially underestimated (Peel et al., in press).
b Range from 4000 to 1,000,000 (Hayman et al., 2012).from hunters and local residents and bat roosting behaviour, such as
roosting away from human habitation (Peel et al., in press).
To estimate annual survival probability from age frequencies, and to
test for variation in survival probability with age, we ﬁt life tablemodels
to tooth age frequency data as performed elsewhere for mammal popu-
lations (Fieberg and DelGiudice, 2011; Kraus et al., 2013; Siler, 1979;
Stolen and Barlow, 2003). Population growth rates (λ) cannot be esti-
mated using our approach and so we assumed λ was constant (1) and
assumed a stationary age structure (Hayman et al., 2012), but tested
the sensitivity to this assumption by re-ﬁtting the models with
ln(λ) =−0.1 (10% decline). As with the Accra colony data (Hayman
et al., 2012), we tested ﬁve candidate models (below) based on models
proposed by Siler (1979). This modelling approach assumes a constant
baseline mortality risk operating throughout life and considers two ad-
ditional factors, maturation (decreasing risk in early life) and senes-
cence (increasing risk in later life). Annual probability of survival of
mature animals at age x under constant baseline risk is given by the ex-
ponential model:
lx;2 ¼ exp −a2xð Þ
and maturation and senescence elements are deﬁned respectively by
Gompertz models:
lx;1 ¼ exp −a1=b1ð Þ 1− exp −b1xð Þð Þð Þ
lx;3 ¼ exp −a3=b3ð Þ 1− exp −b3xð Þð Þð Þ
where ai is the initial hazard for each element, bi is the rate at which the
hazard decreases or increaseswith age duringmaturation or senescence
respectively, and x denotes age in years. Subscripts 1–3 denote, respec-
tively, maturing, constant and senescing elements. Overall survivorshipressure.
ber of bats caught Proportion male Estimated population size
0.91 9000a
0.39 100,000b
0.74 5000
0.46 24,000
0.53 10,000
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models tested were constant risk (lx = lx,2), maturing risk (lx = lx,1
lx,2), senescing risk (lx = lx,2 lx,3), both maturing and senescing risks
(lx = lx,1 lx,2 lx,3, aka the ‘Siler’ model) or both maturing and senescing
risks without the constant risk (lx = lx,1 lx,3). The inclusion of the latter
model is an extension of previous work (Hayman et al., 2012). The
model parameter estimates will allow greater understanding of the
risk of mortality to different aged bats. For example, if younger bats
are most affected by hunting, the initial hazard a1 will be higher in col-
onies with high hunting pressure. If hunting increases juvenile survival
due to compensatory mechanisms, 1/b1 may be higher in heavily
hunted colonies. If hunting affects all mature bats equally, a2 will be in-
creased in those with heavy hunting pressure, and if hunting decreases,
the overall age a3/b3 will be reduced as the risk of senescence reduces.
In contrast to our previous work using maximum likelihood
(Hayman et al., 2012),we chose toﬁt theseﬁve non-linearmodelswith-
in a Bayesian framework because sample sizes were small for some col-
onies. We used a normal error structure with ‘uninformative’ (ﬂat)
priors. We chose normal (N) or uniform (U) distribution priors for the
model parameters. Thus our full ﬁve-parameter Siler model for the haz-
ard rates μwas
μ i½  ¼ ae −a2Age i½ ð Þe −a3=b3ð Þ 1−e b3Age i½ ð Þ
  
e −a1=b1ð Þ 1−e
−b1Age i½ ð Þ
  
where
P a; a1; a2; a3; b1; b3jyið Þ∝∏
n
i¼1
N yijμ i;
1
σ2
 
U aj0;mað Þ
N a1j0;σa1
 
N a2j0;σa2
 
N a3j0;σa3
 
N b1j0;σb1
 
N b3j0;σb3
 
U σ j0;mσð Þ
Prior distribution dispersion parameter subscripts refer to the pa-
rameter of interest. We typically used σ= 100 for the uninformative
normal prior distributions. We wrote all the code in R (R Development
Core Team, 2013) and used the R2OpenBUGS package (Sturtz et al.,
2005) to interface with OpenBUGS (Spiegelhalter et al., 2007). We ran
three chains, for 10,000 iterations, discarding the ﬁrst 1000 (10%) as
burnin and did not thin the values at all, though we compared values
and distributions with (every 10) and without thinning. We used the
nls2 function in the R package ‘nls2: Non-linear regression with brute
force’ (Grothendieck, 2013) to help select initial conditions from a grid
of parameter values, but chose randomly from values using appropriate
distributions once appropriate initial conditions were found (not
shown).
We estimated age-speciﬁc survival (Sx) simply from the ﬁtted risk
models such that Sx= l(x+1) / l(x). Results (see below) generally sup-
ported the assumption of constant survival with bat age (model 1, lx =
lx,2). Mean life expectancy calculated from annual survival probabilities
(S) using the formula life expectancy =−1 / ln(S) from the constant
risk model lx = lx,2. Colony-speciﬁc age-constant survival rates were
therefore plotted against colony size estimates and hunting pressure es-
timates to assesswhether any evidence existed for compensatory or ad-
ditive mortality rates, and against sampling phase and colony sex ratio
to assess the impact of seasonal dynamics andmigration on survival es-
timates. The latter were further explored using linear mixed-effects
models with age in years as the response variable, sex as a ﬁxed-effect
parameter and location and/or phase as a random effect, using the
lmer function in the lme4 package (Bates et al., 2013) in R. The age
data (y) was transformed through a square-root transformation of the
data and maximum likelihood used to ﬁt the model to data, such that
y ~ 1 + Sex + (1|Location) and, separately, y ~ 1 + Sex + (1|Phase).Further details regarding the data for these variables are in our compan-
ion paper (Peel et al., in press). For all results for the Bayesian Siler risk-
based models 95% credible intervals are given, elsewhere 95% conﬁ-
dence intervals.
3. Results
Tooth age data were available from six colonies of straw-coloured
fruit bats. We were able to ﬁt the models to data from ﬁve colonies:
Accra (Ghana); Dar es Salaam (Tanzania), Morogoro (Tanzania) São
Tomé (São Tomé and Príncipe) and Príncipe (São Tomé and Príncipe).
Data from Bioko (Equatorial Guinea) were highly biased towards very
young bats (b2 months) and we were unable to ﬁt the models to
these data (Peel et al., in press).
All Markov chainMonte Carlo (MCMC) chains convergedwell in the
Bayesian analyses once appropriate initial conditions were chosen and
the models ran. Example model outputs and all parameter estimates
with credible intervals are shown in the Appendix.
The constant risk model had the strongest support (lowest DIC
values) in all but the Principe population (Spiegelhalter et al., 2002)
(Table 2). For Príncipe, the maturation/senescence model (lx = lx,1 lx,3)
was most strongly supported over all other models (Table 2,
underlined). However, even when there was support for a better
model over the constant model, the effect size was small, with overlap-
ping credible intervals for the predicted age frequencies (Fig. 2). Fits of
eachmodel to the data are shown in Fig. 2. Comparison of parameter es-
timates also provides little support for differing parameters in the Siler
model among locations with most maturation and senescence related
parameter estimates including zero (Appendix). We also tested the as-
sumption that these populations were at constant population size dur-
ing the lifetimes of these bats by altering ln(λ) from 0 to −0.1 (i.e. a
negative population growth rate). The estimated parameters varied lit-
tle by including this change (Appendix). Therefore, we used the con-
stant survival rates for further analyses for simplicity and to allow
comparison among sites.
In all analyses our estimates of survival across age groups support
that E. helvum is a relatively long-lived species, with a mean life expec-
tancy estimates across the colonies ranging from 2.3 to 6.8 years, as can
be seen after converting the model results to annual survival probabili-
ties (Table 3). Using the best model results for the location with the
highest survival, Accra in Ghana, and predicting the age distribution,
our model predicts that individuals may live up to 30 years of age (Fig.
3), consistent with studies reporting individuals up to 21 years
(DeFrees and Wilson, 1988).
Analyses determining if harvest mortality was additive or led to
compensatory survivalwere inconclusive. Neither colony size nor hunt-
ing was statistically supported as an explanatory covariate for survival.
Since compensatory and additive mortality represent density-depen-
dent and density-independent naturalmortality, respectively, if mortal-
ity is compensatory and in the absence of social facilitation effects, lower
survival rates are expected with larger colony sizes (Fig. 4). In compar-
ison, rates are not expected to varywith population sizewhenmortality
is additive (Burnham and Anderson, 1984). Here, plotting constant sur-
vival rates against population size showed no evidence for density-de-
pendent (compensatory) mortality in E. helvum (Fig. 4). The São Tomé
population size is likely to be underestimated (Peel et al., in press),
but it is not known by howmuch and if that would strengthen support
for additive mortality. In turn, if naturalmortality rates cannot compen-
sate for increased harvest, then survival is expected to declinewith har-
vest intensity (Anderson and Burnham, 1976). Alternatively, if
compensatory changes in natural mortality can occur, then constant
survival rates will be observed in spite of increased harvest rates. Plot-
ting constant survival rates against harvest rates suggested that E.
helvummortality rates could show compensation for hunting pressure.
However, a caveat associated with this plot is that hunting estimates
were only qualitatively estimated relative to population size.
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and survival rates (F-statistic 15.65, p 0.029; Fig. 4), however there is
no relationship between sampling phase and survival rate (Appendix).
4. Discussion
Studies on the effects of hunting on bat populations are in their in-
fancy. E. helvum, like other fruit bats with slow life histories, is poorly
adapted to compensate for hunting demographically (Hayman et al.,
2012; McIlwee and Martin, 2002). Previous harvest models of fruit
bats have assumed additive hunting mortality (Epstein et al., 2009),
yet this assumption has not been examined. Here, we explored the fac-
tors expected to determine E. helvum's response to harvesting pressure.
Survival rates and associated life expectancies calculated here for E.
helvum bats in Tanzania (Morogoro, 0.65, 0.60–0.69 95% CI, Dar Es Sa-
laam 0.85, 0.76–0.92), São Tomé (0.74, 0.67–0.79 95% CI) and Príncipe
(0.77, 0.65–0.86 95% CI) were comparable with previous estimates
from Accra (0.83, 0.73–0.93 95% CI) (Hayman et al., 2012). The estimate
for Accra (0.86, 0.77–0.93 95%CI)was slightly different to that previous-
ly estimated (0.83, 0.73–0.93 95% CI), due to stochastic Bayesianmodel-
ling and increased sample size, but were within reported conﬁdence
limits. Our mean life expectancy estimate across colonies is 4.5 years
(range 2.3–6.7), but our models suggest individuals may live up to ap-
proximately 30 years old in the wild (Fig. 3).
Data on mechanisms governing natural mortality on fruit bats are
limited, but McIlwee and Martin (2002) argued against density-depen-
dence being a major contributor, partly due to reported causes of mor-
tality for ﬂying-foxes not being related to, or dependent on, the size or
density of the populations. Our results showed no evidence for densi-
ty-dependent mortality operating within colonies, irrespective of the
presence of hunting (Fig. 4), suggesting the colonies studied here are
not at carrying capacity. This is consistentwith reports of population de-
clines due to other threatening processes such as habitat loss
(Mickleburgh et al., 2009), and thereby greater susceptibility to additive
effects of hunting (Bartmann et al., 1992; Sandercock et al., 2011). Ex-
ploring our model's sensitivity to changes in population growth rate
(λ) does little to help us understand these population dynamics and de-
termine if the colonies are in decline (Fig. S3).
E. helvum's mobility might help counteract additive effects of hunt-
ing-related mortality. The species moves among colonies within a re-
gion (Hayman et al., 2012) and regionally across international borders
duringmigration (Richter and Cumming, 2008), resulting in a panmictic
population structure across sub-Saharan Africa (Peel et al., 2013). This
daily mobility and migratory capacity allows ﬂexibility to utilize chang-
ing availability of food resources, maintenance of a wide and diverse
gene pool, and avoidance of threats such as hunting. Individual animal
movements within the panmictic continental population likely com-
pensates for localised hunting-related mortality.
Conversely, smaller island populations with less migratory and res-
cue capabilities may be more likely to experience additive effects of
hunting. Similar physical environments in the paired island system of
São Tomé and Príncipe would be expected to result in little difference
in natural survival between the two islands. However, differences in
hunting pressure exist and while constant survival rates were similar,
the Príncipe colony showed evidence for both maturation and senes-
cence (Table 3). With an absence of migration and heavy hunting pres-
sure, Príncipemay be themost natural system inour data set. Given this,
it would suggest harvesting may remove maturation and senescence
signals by altering demographic structure, leading to more constant
risk across age classes. Alternatively, results could differ between the
two islands due to sampling biases. The breeding seasons of E. helvum
are out of phase on the islands, and sample collection was conducted
via hunting at dispersed, small day-roosts soon after the beginning of
the birth pulse in São Tomé versus via overnight mist-netting outside
of breeding and mating seasons in a large colony in Príncipe (Peel et
al., in press). Follow-up studies in these two island systems would be
Fig. 2. The hazard model ﬁts to the standardized tooth cementum annuli data for each colony. Overall survivorship is constant risk (lx= lx,2, solid line), maturing risk (lx= lx,1 lx,2, dashed
line), senescing risk (lx= lx,2 lx,3, dotted line), and constant, maturing and senescing risks (lx= lx,1 lx,2 lx,3, dot-dashed line) andmaturing and senescing risks only (lx= lx,1 lx,3, long-dashed
line). 95% credible intervals are shown in grey.
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should look like, and the conservation implications of the heavy hunting
currently being experienced in São Tomé. Studies of declining and
smaller isolated populations may also be used to determine if social fa-
cilitation through Allee effects exist, thus leading to intermediate colonysizes having the highest survival through the positive Allee effects and
lack of inhibitory mortality when at carrying capacity.
Heterogeneity among individuals in their susceptibility to harvest
may affect the overall population response. Here, a greater proportion
ofmales predicted greater survival probability.We speculate that rather
Table 3
Mean life expectancy calculated from annual survival probabilities (S) using the formula
life expectancy =−1 / ln(S), where S was estimated from the constant risk model lx =
lx,2 (see Methods).
Location Mean annual survival probability
(S)
Mean life expectancy
(years)
Dar es
Salaam
0.86 (0.76–0.92) 6.71
Morogoro 0.65 (0.60–0.69) 2.32
Accra 0.86 (0.77–0.93) 6.71
São Tomé 0.74 (0.67–0.79) 3.26
Príncipe 0.77 (0.65–0.86) 3.87
137D.T.S. Hayman, A.J. Peel / Biological Conservation 200 (2016) 131–139than males being longer lived, this might reﬂect seasonal variation in
social structures via non-random roosting and migration, resulting in
unmeasured colony ‘types’ within sampled populations (Peel et al., in
press). During periods where the majority of individuals in a colony
undertake seasonal migration, the two colonies here with the highest
proportions ofmales and survival rates (Accra andDar es Salaam)main-
tain ‘resident’ male colonies where perhaps older, more dominant
males are able to remain in the colony and maintain their roosting
territory. In Ghana, females migrated prior to males and more males
remained resident (Hayman et al., 2012) and male biases were
observed in small roosts in São Tomé (Peel et al., in press), however
sample sizes were insufﬁcient to support separate analyses by colony
type. Greater male survival has been reported in North American little
brown bats, Myotis lucifugus, however other studies report greater
female survival being greater, with non-random bat roosting noted as
a confounding factor (Keen and Hitchcock, 1980). Other robust bat
survival studies including large capture-recapture studies (e.g. Sendor
and Simon, 2003; Hayman et al., 2012) have not found differences in
survival between sexes.
Hunting methods such as netting and shotguns at roosts are pre-
sumed to be random (Epstein et al., 2009), though only if the targeted
colony is an unbiased representation of the total population. With the
heterogeneity in colony types observed here, the effect of even ‘random’
huntingmethods is likely to vary according to the location and timing of
hunting (Peel et al., in press). A particular region where hunting occurs
may only ever see migrating populations with a female- and younger-Fig. 3. Predicted age frequencies for the Accra, Ghana colony using the constant survival
rates estimated for Eidolon helvum. 95% conﬁdence intervals are shown.age class bias. Alternatively, somehuntingmethodsmay be truly biased.
Hunting using wire-mesh fruit traps during the mating season in São
Tomé and Príncipe results in a male-biased capture if a female is caught
ﬁrst (Peel et al., in press).Fig. 4. Constant survival rates estimated for Eidolon helvum from ﬁve different locations
with differing colony size (A), harvest rates (B, ranked 0 to 1 subjectively on hunting
pressure, Peel et al., in press), and proportion of males (C). Constant survival rate
estimates and proportion male across ﬁve colonies were correlated (F-statistic 15.28,
p b 0.05). Mean estimates with 95% credible intervals are shown for each colony.
138 D.T.S. Hayman, A.J. Peel / Biological Conservation 200 (2016) 131–139Heterogeneity in survival and vulnerability to harvest can mimic
compensation and mask detection of additive mortality (Sandercock
et al., 2011). Heterogeneity in colony structure and susceptibility to
hunting is an important factor to control for, and further characterisa-
tion of the relationship between age and sex biases and hunting pres-
sures should be a focus for future studies. Relative seasonality of
natural mortality and harvesting can change the way the harvesting
mortality affects a species' population dynamics (Boyce et al., 1999).
No data exist on seasonality in natural mortality in E. helvum. Migration
is typically assumed to be costly, with cost positively associated with
migration distance (Lok et al., 2015), so higher natural mortality of E.
helvum peaks could be expected during and soon after migration. Over-
lap of hunting withmigrationmight therefore result in additive mortal-
ity. Strong seasonality of bat hunting has been reported in other species
(Brooke and Tschapka, 2002; Epstein et al., 2009; Struebig et al., 2007),
coinciding with seasonal peaks in abundance due to migration. Kamins
et al. (2011) reported strong hunting seasonality (November to March)
in Ghana, coincidingwith the beginning of the gestation period through
to the beginning of the birthing period and northerly migration in the
region (Hayman et al., 2012; Thomas, 1983), so peaks in hunting natu-
rally coincide with migratory inﬂuxes.
A caveat in our analyses is we standardize the age count data of each
colony to account for tooth analyses being conducted on a subset of in-
dividuals caught (Peel et al., in press). The standardisation may smooth
over the subtler effects of maturation and senescence, though we feel
this is unlikely to be amajor effect as the Principe data still showedmat-
uration and senescence (Table 2). An alternative explanation for the
ﬁnding that there is constant risk and relatively high survival rates
across locations may be because life table analyses can be biased if
there is not a stable age distribution (Williams et al., 2002). Changes
in hunting pressures and methods may affect inferences from life
table analyses, depending on whether the populations are in decline,
hunting is more or less random, or if it is variable in intensity. In rapidly
declining populations, an analysis of age structure may fail to detect the
decline, especially if harvesting affects all age classes. Our analyses were
relatively insensitive to changes in population growth rate (λ, Fig. S3),
highlighting the need for longitudinal studies.
Despite observations and analyses presented here involving consid-
erable effort and contributing to sparse and patchy data published on
this species, we were unable to test all our hypotheses. Sex was the
strongest predictor of survival, though we propose this is likely to be a
function of colony ‘type’ rather than inherently longer survival of
males. The lack of knowledge of social structure, roost location and col-
ony sizes of E. helvum, and other harvested bat species, limits the capa-
bility to determine the risk from over-hunting and warrants further
studies across large spatial scales.
Based on all the contributing factors discussed, we hypothesize nat-
ural mortality in E. helvum includes maturation with reduced mortality
risk and senescence, as observed in the least hunted colony from
Príncipe. Our study failed to ﬁnd substantial differences in survival
rates among sites with different hunting and migration rates. However,
we hypothesize that hunting is largely additive to naturalmortality in E.
helvum but that the large continental distribution with regional varia-
tion in hunting pressure and migration among source and sink colonies
may allowsome compensation. Localmovement and regionalmigration
and compensation theymay provide highlights the conservation beneﬁt
for maintaining habitat continuity in migratory species.
Our inability to detect the impact of hunting through life table
methods raises an important issue for conservationists, because E.
helvum is extremely mobile, long-lived, and highly hunted. E. helvum
was listed as Near Threatened in 2008 due to signiﬁcant population de-
clines (Mickleburgh et al., 2010). The potential implications for ecosys-
tem functioning through pollination and seed dispersal resulting from
even small declines of a common and widespread species like E. helvum
are substantial (Gaston and Fuller, 2008). Our studies suggest that ro-
bust longitudinal, multi-site and indeed multi-national studies arerequired to determine if this species is being over-harvested. In the ab-
sence of such studies, E. helvum and other similar species may be driven
into decline without us knowing it.
Contributions
Conceived the research: AJP, DTSH
Analysed the data: AJP, DTSH
Wrote the manuscript: AJP, DTSH
Acknowledgements
Thanks to TomO′Shea (USGS), JonathanMarshall (Massey Universi-
ty) and four reviewers for their very thoughtful comments. We thank
the governments of Ghana, Tanzania, Malawi, Zambia, Uganda, Equato-
rial Guinea, and São Tomé and Príncipe for facilitating this research. For
their invaluable support in planning and implementing the ﬁeld work,
we also thank the Wildlife Division of the Forestry Commission, and
the Veterinary Services Directorate, Ghana; Tanzania Ministry of Live-
stock Development and Fisheries; Tanzanian Wildlife Research Insti-
tute; Sokoine University of Agriculture, Tanzania; Equatorial Guinea
Instituto del Desarrollo Forestal y Gestión de las Áreas Protegidas;
Universidad Nacional de Guinea Ecuatorial; São Tomé and Príncipe
Ministério de Agricultura, Desenvolvimento Rural e Pesca; Ecosystèmes
Forestiers d'Afrique Centrale; Associação Monte Pico, São Tomé and
Príncipe; Richard Suu-Ire; Alex Torrance; Andrés Fernandez Loras;
Tiziana Lembo, Heidi Rufﬂer; Ricardo Faustino de Lima; and Mariana
Carvalho.
Funding for this studywas provided by the University of Cambridge,
UK (AJP), The Charles Slater Trust (AJP), Zebra Foundation for Veteri-
nary Zoological Education (AJP), Isaac Newton Trust (AJP), the
Wellcome Trust (086789/Z/08/Z) (DTSH) (all UK), RAPIDD program of
the Science and Technology Directorate, U.S. Department of Homeland
Security, Fogarty International Center, National Institutes of Health,
USA (DTSH), and a Royal Society of New Zealand Marsden
(MAU1503) grant (DTSH).
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.biocon.2016.06.003.
References
Anderson, D.R., Burnham, K.P., 1976. Population ecology of the mallard: VI. The Effect of
Exploitation on Survival. In US Fish and Wildlife Service.
Anti, P., Owusu, M., Agbenyega, O., Annan, A., Badu, E.K., Nkrumah, E.E., Tschapka, M.,
Oppong, S., Adu-Sarkodie, Y., Drosten, C., 2015. Human-bat interactions in rural
West Africa. Emerg. Infect. Dis. 21, 1418–1421.
Baranga, J., Kiregyera, B., 1982. Estimation of the fruit bat population in the Kampala Bat
Valley, Uganda. Afr. J. Ecol. 20, 223–229.
Bartmann, R.M., White, G.C., Carpenter, L.H., 1992. Compensatory mortality in a Colorado
mule deer population. Wildl. Monogr. 1–39.
Bates, D., Maechler, M., Bolker, B., Walker, S., 2013. lme4: Linear Mixed-effects Models
Using Eigen and S4. R Package Version 1.
Bodkin, J.L., Ames, J.A., Jameson, R.J., Johnson, A.M., Matson, G.M., 1997. Estimating age of
sea otters with cementum layers in the ﬁrst premolar. J. Wildl. Manag. 61, 967–973.
Bodmer, R.E., Eisenberg, J.F., Redford, K.H., 1997. Hunting and the likelihood of extinction
of Amazonian mammals. Conserv. Biol. 11, 460–466.
Boyce, M.S., Sinclair, A.R.E., White, G.C., 1999. Seasonal compensation of predation and
harvesting. Oikos 87, 419–426.
Brooke, A.P., Tschapka, M., 2002. Threats from overhunting to the ﬂying fox, Pteropus
tonganus, (Chiroptera:Pteropodidae) on Niue Island, South Paciﬁc Ocean. Biol.
Conserv. 103, 343–348.
Burnham, K.P., Anderson, D.R., 1984. Tests of compensatory vs. additive hypotheses of
mortality in mallards. Ecology 105–112.
Carvalho, M., Palmeirim, J.M., Rego, F.C., Sole, N., Santana, A., Fa, J.E., 2015. What motivates
hunters to target exotic or endemic species on the island of Sao Tome, Gulf of Guinea?
Oryx 49, 278–286.
Cooley, H.S., Wielgus, R.B., Koehler, G.M., Robinson, H.S., Maletzke, B.T., 2009. Does hunt-
ing regulate cougar populations? A test of the compensatory mortality hypothesis.
Ecology 90, 2913–2921.
139D.T.S. Hayman, A.J. Peel / Biological Conservation 200 (2016) 131–139Dallimer, M., King, T., Cope, D., Borge Jiana, M., 2006. Estimation of population density of
Eidolon helvum on the island of Príncipe, Gulf of Guinea/Estimation de densité de
population de Eidolon helvum sur l'île de Príncipe, Golfe de Guinée. Mammalia 70,
48–51.
DeFrees, S.L., Wilson, D.E., 1988. Eidolon helvum. Mamm. Species 1–5.
R Development Core Team, 2013. R: A Language and Environment for Statistical Comput-
ing. In R Foundation for Statistical Computing, Vienna.
Divljan, A., Parry-Jones, K., Wardle, G.M., 2006. Age determination in the grey-headed ﬂy-
ing fox. J. Wildl. Manag. 70, 607–611.
Duriez, O., Eraud, C., Barbraud, C., Ferrand, Y., 2005. Factors affecting population dynamics
of Eurasian woodcocks wintering in France: assessing the efﬁciency of a hunting-free
reserve. Biol. Conserv. 122, 89–97.
Epstein, J.H., Olival, K.J., Pulliam, J.R.C., Smith, C., Westrum, J., Hughes, T., Dobson, A.P.,
Zubaid, A., Rahman, S.A., Basir, M.M., Field, H.E., Daszak, P., 2009. Pteropus vampyrus,
a hunted migratory species with a multinational home-range and a need for regional
management. J. Appl. Ecol. 46, 991–1002.
Fahr, J., Abedi-Lartey, M., Esch, T., Machwitz, M., Suu-Ire, R., Wikelski, M., Dechmann, D.K.,
2015. Pronounced seasonal changes in the movement ecology of a highly gregarious
central-place forager, the African straw-coloured fruit bat (Eidolon helvum). PLoS One
10, e0138985.
Fieberg, J., DelGiudice, G.D., 2011. Estimating age-speciﬁc hazards fromwildlife telemetry
data. Environ. Ecol. Stat. 18, 209–222.
Funmilayo, O., 1979. Ecology of the straw-coloured fruit bat in Nigeria. Rev. Zool. Afr. 93,
589–600.
Gaston, K.J., Fuller, R.A., 2008. Commonness, population depletion and conservation biol-
ogy. Trends Ecol. Evol. 23, 14–19.
Grothendieck, G., 2013. nls2: Non-linear Regression With Brute Force. R Package Version
2.
Hamel, S., Cote, S.D., Smith, K.G., Festa-Bianchet, M., 2006. Population dynamics and har-
vest potential of mountain goat herds in Alberta. J. Wildl. Manag. 70, 1044–1053.
Harrison, M.E., Cheyne, S.M., Darma, F., Ribowo, D.A., Limin, S.H., Struebig, M.J., 2011.
Hunting of ﬂying foxes and perception of disease risk in Indonesian Borneo. Biol.
Conserv. 144, 2441–2449.
Hayman, R., Hill, J.E., 1971. Order Chiroptera. In: Meester, J., Setzer, H. (Eds.), The Mam-
mals of Africa: An IdentiﬁcationManual Part. Smithsonian Institution Press,Washing-
ton, pp. 1–73.
Hayman, D.T., McCrea, R., Restif, O., Suu-Ire, R., Fooks, A.R., Wood, J.L., Cunningham, A.A.,
Rowcliffe, J.M., 2012. Demography of straw-colored fruit bats in Ghana. J. Mammal.
93, 1393–1404.
Juste, J., Ibanez, C., 1994. Bats of the Gulf of Guinea Islands - faunal composition and ori-
gins. Biodivers. Conserv. 3, 837–850.
Kamins, A.O., Restif, O., Ntiamoa-Baidu, Y., Suu-Ire, R., Hayman, D.T., Cunningham, A.A.,
Wood, J.L., Rowcliffe, J.M., 2011. Uncovering the fruit bat bushmeat commodity
chain and the true extent of fruit bat hunting in Ghana, West Africa. Biol. Conserv.
144, 3000–3008.
Keeling, M., Rohani, P., 2008. Modeling Infectious Diseases in Humans and Animals.
Princeton University Press, Princeton.
Keen, R., Hitchcock, H.B., 1980. Survival and longevity of the little brown bat (Myotis
lucifugus) in southeastern Ontario. J. Mammal. 61, 1–7.
Kokko, H., 2001. Optimal and suboptimal use of compensatory responses to harvesting:
timing of hunting as an example. Wildl. Biol. 7, 141–150.
Kraus, C., Pavard, S., Promislow, D.E., 2013. The size-life span trade-off decomposed: why
large dogs die young. Am. Nat. 181, 492–505.
Kvasnes, M.A.J., Storaas, T., Pedersen, H.C., Bjork, S., Nilsen, E.B., 2010. Spatial dynamics of
Norwegian tetraonid populations. Ecol. Res. 25, 367–374.
Lok, T., Overdijk, O., Piersma, T., 2015. The cost of migration: spoonbills suffer higher mor-
tality during trans-Saharan spring migrations only. Biol. Lett. 11, 20140944.
Matson, G.M., 1993. A Laboratory Manual for Cementum Age Determination of Alaska
Brown Bear First Premolar Teeth. Alaska Dept. of Fish and Game, Division of Wildlife
Conservation.
McIlwee, A., Martin, L., 2002. On the intrinsic capacity for increase of Australian ﬂying-
foxes (Pteropus spp., Megachiroptera). Australian Zool. 32, 76–100.
Mickleburgh, S., Waylen, K., Racey, P., 2009. Bats as bushmeat: a global review. Oryx 43,
217–234.
Mickleburgh, S., Hutson, A., Bergmans,W., Fahr, J., Racey, P., 2010. Eidolon helvum. In IUCN
Red List of Threatened Species. IUCN.
Mutere, F.A., Wilson, D., Gardner, A., 1980. Eidolon helvum revisited. Proceedings of the
5th International Bat Research Conference, pp. 145–150.Niamien, M.J.C., Kadjo, B., Dago, N.D., Koné, I., N'Goran, E.K., 2015. Initial data on poaching
of Eidolon helvum (Kerr, 1792) near-threatened species in Côte D'ivoire, West Africa.
Eur. J. Sci. Res. 35, 219–227.
Obbard, M.E., Howe, E.J., 2008. Demography of black bears in hunted and unhunted areas
of the boreal forest of Ontario. J. Wildl. Manag. 72, 869–880.
Peel, A.J., Sargan, D.R., Baker, K.S., Hayman, D.T., Barr, J.A., Crameri, G., Suu-Ire, R., Broder,
C.C., Lembo, T., Wang, L.F., Fooks, A.R., Rossiter, S.J., Wood, J.L., Cunningham, A.A.,
2013. Continent-wide panmixia of an African fruit bat facilitates transmission of po-
tentially zoonotic viruses. Nat. Commun. 4, 2770.
Peel, A.J., Baker, K.S., Hayman, D.T.S., Breed, A.C., Suu-Ire, R., Gembu, G.-C., Lembo, T.,
Fernández-Loras, A., Sargan, D.R., Fooks, A.R., Cunningham, A.A., Wood, J.L.N., 2016a.
Bat Trait, Genetic and Pathogen Data From Large-Scale Investigations of African
Fruit Bats, Eidolon helvum. Scientiﬁc Data.
Peel AJ, Wood JLN, Baker KS, Breed AC, de Carvalho A, Fernández-Loras A, Gabrieli H,
Gembu G-C, Kakengi VA, Kaliba PM, Kityo RM, Lembo T, Mba FE, Ramos D,
Rodriguez-Prieto I, Suu-Ire R, Cunningham AA, Hayman DTS How does Africa's
most hunted bat vary across the continent? Population traits of the straw-coloured
fruit bat (Eidolon helvum) and its interactions with humans. Acta Chiropterologica
(in press)
Perpetra, A., Kityo, M., 2009. Populations of Eidolon helvum in Kampala over 40 years.
Tanzan. J. Forestry Nat. Conserv. 79, 1–7.
Ratikainen, I.I., Gill, J.A., Gunnarsson, T.G., Sutherland, W.J., Kokko, H., 2008. When density
dependence is not instantaneous: theoretical developments and management impli-
cations. Ecol. Lett. 11, 184–198.
Richter, H.V., Cumming, G.S., 2006. Food availability and annual migration of the straw-
colored fruit bat (Eidolon helvum). J. Zool. 268, 35–44.
Richter, H.V., Cumming, G.S., 2008. First application of satellite telemetry to track African
straw-coloured fruit bat migration. J. Zool. 275, 172–176.
Sandercock, B.K., Nilsen, E.B., Broseth, H., Pedersen, H.C., 2011. Is hunting mortality addi-
tive or compensatory to natural mortality? Effects of experimental harvest on the
survival and cause-speciﬁc mortality of willow ptarmigan. J. Anim. Ecol. 80, 244–258.
Schaub, M., Lebreton, J.D., 2004. Testing the additive versus the compensatory hypothesis
of mortality from ring recovery data using a random effects model. Anim. Biodivers.
Conserv. 27, 73–85.
Sedinger, J.S., Nicolai, C.A., Lensink, C.J., Wentworth, C., Conant, B., 2007. Black brant har-
vest, density dependence, and survival: a record of population dynamics. J. Wildl.
Manag. 71, 496–506.
Sedinger, J.S., White, G.C., Espinosa, S., Partee, E.T., Braun, C.E., 2010. Assessing compensa-
tory versus additive harvest mortality: an example using greater sage-grouse.
J. Wildl. Manag. 74, 326–332.
Sendor, T., Simon, M., 2003. Population dynamics of the pipistrelle bat: effects of sex, age
and winter weather on seasonal survival. J. Anim. Ecol. 72, 308–320.
Servanty, S., Choquet, R., Baubet, E., Brandt, S., Gaillard, J.M., Schaub, M., Toigo, C.,
Lebreton, J.D., Buoro, M., Gimenez, O., 2010. Assessing whether mortality is additive
using marked animals: a Bayesian state-space modeling approach. Ecology 91,
1916–1923.
Sikes, R.S., Gannon, W.L., Mammalogists, A.S., 2011. Guidelines of the American Society of
Mammalogists for the use of wild mammals in research. J. Mammal. 92, 235–253.
Siler, W., 1979. A competing-risk model for animal mortality. Ecology 750–757.
Sodeinde, O., Soewu, D., 1999. Pilot Study of the Traditional Medicine Trade in Nigeria. 18.
Trafﬁc bulletin-cambridge-trafﬁc international, pp. 35–40.
South, A., 2011. rworldmap: a new R package for mapping global data. R Journal 3, 35–43.
Spiegelhalter, D.J., Best, N.G., Carlin, B.R., van der Linde, A., 2002. Bayesian measures of
model complexity and ﬁt. J. Royal Stat. Soc. B 64, 583–616.
Spiegelhalter, D., Thomas, A., Best, N., Lunn, D., 2007. OpenBUGS UserManual, Version 3.0.
2. MRC Biostatistics Unit, Cambridge.
Stolen, M.K., Barlow, J., 2003. A model life table for bottlenose dolphins (Tursiops
truncatus) from the Indian River lagoon system, Florida, USA. Mar. Mamm. Sci. 19,
630–649.
Struebig, M.J., Harrison, M.E., Cheyne, S.M., Limin, S.H., 2007. Intensive hunting of large
ﬂying foxes Pteropus vampyrus natunae in Central Kalimantan, Indonesian Borneo.
Oryx 41, 390–393.
Sturtz, S., Ligges, U., Gelman, A., 2005. R2WinBUGS: a package for runningWinBUGS from
R. J. Stat. Softw. 12, 1–16.
Thomas, D.W., 1983. The annual migrations of three species of West African fruit bats
(Chiroptera: Pteropodidae). Can. J. Zool. 61, 2266–2272.
Williams, B.K., Nichols, J.D., Conroy, M.J., 2002. Analysis and Management of Animal Pop-
ulations. Academic Press.
